Summary Basal shoots produced by Arbutus unedo L. after cutting at ground level vary in size and growth rate, and are classified accordingly as dominant or suppressed. The suppressed shoots eventually cease growth and die. In this study, we investigated the role of light and water in the competition among shoots of A. unedo. Dominant and suppressed shoots of A. unedo showed similar leaf water potentials and tissue water relations over the year, suggesting that water status is not responsible for the lack of flushing in suppressed shoots. Although suppressed shoots did not flush under low light, they showed many characteristics of shade-tolerant plants. Leaves of suppressed shoots had lower leaf conductance and light-saturated photosynthetic rate, and higher specific leaf area than leaves of dominant shoots. We conclude that light was the main resource determining competition among shoots and the death of suppressed shoots.
Introduction
Many Mediterranean species resprout after disturbance, producing new shoots from roots and stumps. Although emergence from dormant buds occurs almost simultaneously, there is soon much variation in the size of shoots (Hara 1984) , leading to the dominance of a relatively few shoots over the majority that remain suppressed (White and Harper 1970) . Dominant shoots have higher growth rates than suppressed shoots, thus differences in relative size and the hierarchical status increase over time. Eventually, competition leads to the death of most of the suppressed shoots (see Ford and Newbold 1970, Retana et al. 1992) .
We tested the hypothesis that, in Arbutus unedo L., an evergreen laurophyllous tree, light and water are the resources for which shoots chiefly compete. The species is widely distributed in the Mediterranean Basin and can resprout vigorously after fire or decapitation, producing a large number of shoots. We analyzed the ecophysiology of dominant and suppressed shoots of A. unedo to establish the relative roles of light and water in the competition between them. In addition, we considered both morphological and physiological acclimation to low light and water availability in terms of how these resources affect the dynamics of resprouting and the regeneration process after disturbance.
Materials and methods

Study site
The study site is located at an elevation of 350 m, on a southern slope (15--20°) of the Collserola Natural Park in northeast Spain, near Barcelona (41°25′25″ N, 2°6′30″ E). The area, which was burned in the summer of 1973, has vegetation 3--4 m tall and is dominated by Arbutus unedo L., Quercus ilex L. and Pinus halepensis Mill.
During the study period (June 1990 --May 1991 , total rainfall was 940 mm (mean annual rainfall = 725 mm). The dry period lasted from late June to late August, with a total rainfall of only 29 mm. The soil is shallow (19 ± 1 cm, n = 18) and comprised of a loamy-clay that developed on Paleozoic schists. The soil has a low water storage capacity.
Plant material
Five A. unedo trees were felled on May 3, 1990, to induce sprouting of basal shoots. The tallest shoots, which received full sunlight, were defined as dominant, whereas the shorter shoots, which were located inside the stool and were shaded by the dominant shoots, were defined as suppressed. Only three of the five trees were used for the ecophysiological measurements, but all five trees were used for measuring growth rates. Sampling was carried out from July 1990 to May 1991.
Water potential and gas exchange
Leaf water potential (Ψ) was measured at dawn and midday with a pressure chamber (Model 3005, Soil Moisture Inc., Santa Barbara, CA), as described by Scholander et al. (1965) . Photosynthetically active radiation (PAR), leaf conductance, water loss to the porometer chamber (hereafter referred to as transpiration rate), and net photosynthetic rate were measured with a field IRGA-porometer (Model LCA-2, ADC Ltd., Hoddesdon, U.K.). The quotient between net photosynthesis and transpiration was used to estimate water use efficiency. Hourly measurements began when stools were in full sunlight and finished when they became shaded. Each sampling consisted Water relations, gas exchange and growth of dominant and suppressed shoots of Arbutus unedo L.
of measurements on a leaf of one dominant and one suppressed shoot of each stool. A sample leaf was selected from among the third to seventh fully developed leaves from the branch tip. All measurements were made on leaves produced in the spring, except from October to May, when measurements for dominant shoots were made on leaves produced in the autumn because the autumn shoots shaded the spring leaves. Measurements were made weekly during the dry period, monthly in autumn, and seasonally in winter and spring.
Pressure--volume curves
Pressure--volume curves were performed on a single leaf of one dominant and one suppressed shoot of each stool on June 26, August 3 and December 12. Samples were cut and transferred to test tubes containing distilled water, covered with a plastic bag, and kept overnight in darkness in a refrigerator (Kubiske and Abrams 1991) . The next morning, samples were allowed to dehydrate, and water potential and leaf weight were periodically measured (Wilson et al. 1979) . After a Type-II transformation Richter 1981, 1982) , osmotic potential at saturation, (Ψ s(sat ) ), osmotic potential at the bulk tissue turgor loss point (Ψ s(tlp) ), relative water content at the bulk tissue turgor loss point (RWC (tlp) ) and the maximum bulk modulus of elasticity (ε) were calculated according to Wilson et al. (1979) . Although this technique has limitations (see Dreyer et al. 1990) , the data are useful for comparative purposes. Cuticular transpiration (E c ) was estimated on the basis of leaf weight loss during the course of dehydration (Larsson and Svenningsson 1986) .
Nutrient content and growth
Nitrogen and phosphorus contents of leaves of dominant and suppressed shoots of each stool were determined on August 14 and December 12. Nitrogen was analyzed by the Kjeldahl method, in a Kjeltec 1030 Auto Analyzer (Tecator, Höganäs, Sweden), and phosphorus was assayed by the vanadomolybdate colorimetric technique in an FIA 5020 AnalyzerSpectrophotometer 5023 (Tecator) (Allen et al. 1974) . Specific leaf area (SLA) was determined from the projected leaf area, which was measured with a leaf area meter (Model LI3000, Li-Cor Inc., Lincoln, NE).
From July to December, relative growth rate (RGR) was periodically determined on the basis of height increase in one dominant and one suppressed shoot of each stool, according to Hutchings (1986) .
Statistical analyses
Data were compared by repeated measures analysis of variance (Potvin et al. 1990 ). If necessary, this test was followed by mean comparison contrasts to determine when significant differences occurred. All tests were performed with Super-ANOVA software (Abacus Concepts Inc., Berkeley, CA).
Results
Mean daily PAR was higher for dominant than for suppressed shoots throughout the year (Figure 1) . Thus, PAR in dominant shoots always exceeded 1000 µmol m −2 s −1
, except on overcast days, whereas PAR in suppressed shoots never exceeded 500 µmol m −2 s −1 and decreased over time because of the growth of dominant shoots. With one exception, there were no significant differences in predawn Ψ between dominant and suppressed shoots, but Ψ at midday was often lower in dominant shoots than in suppressed shoots (Figure 2) . Values of leaf conductance and transpiration followed the same time course in dominant and suppressed shoots, but were always higher in dominant shoots than in suppressed shoots (Figure 3 ). The greatest difference between dominant and suppressed shoots was in net photosynthetic rate, which was six times higher in dominant shoots than in suppressed shoots. The larger difference in net photosynthetic rate than in transpiration rate meant that water use efficiency was greater in dominant shoots than in suppressed shoots. Photosynthetic response to light also differed between the dominant and suppressed shoots ( Table 1) . Leaves of suppressed shoots had lower compensation points, saturating radiation (PAR sat ) and net photosynthetic rates per unit leaf area (A max area ) than leaves of dominant shoots.
In June and September, the only differences observed in the pressure--volume curves of the dominant and suppressed shoots were higher values of E c in suppressed shoots (Table 2) . In December, Ψ s(sat ) , Ψ s(tlp) , ε and RWC (tlp) were lower in suppressed shoots than in dominant shoots, probably because of the different ages of the sampled leaves (spring leaves of suppressed shoots versus autumn leaves of dominant shoots).
Suppressed shoots had higher SLA that dominant shoots, both in August and December (Table 3) , and thus a lower nutrient content per unit leaf area, despite similar nutrient contents per unit leaf weight.
Relative growth rates were higher in dominant than in suppressed shoots in early summer (Figure 4) . During August and September, growth ceased in both dominant and suppressed shoots. In October and November, all dominant shoots flushed, whereas few suppressed shoots flushed. Figure 1 . Annual course of PAR for dominant and suppressed shoots in the field from July 1990 to May 1991. Mean values were compared by a repeated measures analysis of variance followed by contrasts (all the differences are significant at P < 0.001, n = 3).
Discussion
Leaf water status was similar in dominant and suppressed shoots of A. unedo (Figure 2 ). The only difference was that a lower leaf conductance in suppressed shoots, together with a lower vapor pressure deficit within the center of the new shoots, caused a higher transpiration rate and, sometimes, a lower leaf water potential at midday in the dominant shoots than in the suppressed shoots (Figures 2 and 3 ) (see Abrams 1986, Lei and . There were no differences in predawn leaf water potential among shoots, despite higher transpiration rates in the dominant shoots (Table 1) . Thus, competition among shoots for water cannot account for the differences in their growth and survival.
Sun plants growing in the shade show light acclimation, and their characteristics tend to approach those of obligate shade plants (Björkman 1981) . In the same way, the characteristics of leaves of suppressed shoots of A. unedo indicated acclimation to low light, i.e., these leaves exhibited lower leaf conductance, cuticular resistance, light-saturated photosynthetic rate, compensation point and nutrient content per unit leaf area, and higher specific leaf area than leaves of dominant shoots (Boardman 1977 , Catarino et al. 1981 , Givnish 1988 .
Acclimation of photosynthesis to low light may be mediated by anatomical as well as physiological changes within the leaves (Boardman 1977 , Björkman 1981 . In leaves of dominant shoots of Arbutus, area-based maximum photosynthesis increased by 360% compared to that of leaves of suppressed Figure 2 . Annual course of predawn (top) and midday (bottom) leaf water potential of dominant and suppressed shoots in the field from July 1990 to May 1991. Mean values were compared by a repeated measures analysis of variance followed by contrasts (* = P < 0.05, ** = P < 0.01, *** = P < 0.001, n = 3). Figure 3 . Annual course of daily mean (from top to bottom) leaf conductance, transpiration rate, net photosynthetic rate and water use efficiency of dominant and suppressed shoots in the field from July 1990 to May 1991. Mean values were compared by a repeated measures analysis of variance followed by contrasts (* = P < 0.05, ** = P < 0.01, *** = P < 0.001, n = 3). Table 1 . Photosynthetic characteristics of leaves of dominant and suppressed shoots (mean ± 1 SE). Data were calculated by adjusting the upper limit of the relationship between PAR and net photosynthesis, including all the field records, for dominant and suppressed shoots of each individual. Mean values were compared by the Student's t-test (* = P < 0.05, ** = P < 0.01, *** = P < 0.001, n = 3).
Dominant
Suppressed
10.5 ± 0.1 2.9 ± 0.1*** A max mass −1 (nmol g −1 s ) 33 ± 5 7 ± 2** shoots (Table 1) . Nearly 60% of this increase was due to increased mass-based maximum photosynthesis, which can be directly attributable to changes in physiological mechanisms (Björkman 1981) . The remaining 40% of the increase was due to diminished specific leaf area, which can be attributed to changes in leaf anatomy. The decrease in specific leaf area was paralleled by an increase in the quantity of photosynthetic apparatus per unit leaf area, which was also reflected in the increase in N per unit leaf area (Table 3 ; Ellsworth and Reich 1992, Chazdon and Kaufmann 1993) . The increase in A max mass −1 in leaves of dominant shoots was not accompanied by an increase in N mass
, suggesting that differences in leaf nitrogen allocation are of great importance. Based on this observation, we conclude that leaves of suppressed shoots had a greater investment of nitrogen in light-harvesting machinery, whereas leaves of dominant shoots had more nitrogen invested in photosynthetic enzymes (Seeman et al. 1987 , Evans 1989 .
Low growth rates of suppressed shoots ( Figure 5 ) cannot be attributed to a lack of turgor needed for cell elongation, because there were no differences in water status between dominant and suppressed shoots. A more likely explanation is that low net photosynthesis in suppressed shoots led to a lack of carbohydrates in the apex of the sprout and, as a consequence, to low growth rates (see Radosevich and Conard 1980) . Suppressed shoots did not grow in the autumn or the following spring, except for the few that received lateral illumination (data not shown). As a result, height and hierarchical status Table 2 . Tissue water relations of dominant and suppressed shoots in June, September and December 1990. Mean values were compared by a repeated measures analysis of variance followed by contrasts (* = P < 0.05, ** = P < 0.01, *** = P < 0.001. Values in brackets are ± 1 SE, n = 3). Table 3 . Specific leaf area, and nitrogen and phosphorous leaf contents of dominant and suppressed shoots in August and December 1990. Mean values were compared by a repeated measures analysis of variance followed by contrasts (* = P < 0.05, ** = P < 0.01, *** = P < 0.001. Values in brackets are ± 1 SE, n = 3). Figure 4 . Comparison of relative growth rate of dominant and suppressed shoots from July to December 1990. Mean values were compared by a repeated measures analysis of variance followed by contrasts (* = P < 0.05, ** = P < 0.01, *** = P < 0.001, n = 5).
among shoots diverged. During the second summer after cutting, almost all of the suppressed shoots died, probably as a result of the shedding of existing leaves (12--14 months old) and the lack of carbohydrate reserves to support the production of new leaves. We conclude that light, rather than water, is the main resource determining competition among coppiced shoots of A. unedo, at least during the early stages of shoot regrowth. Because of their morphological and physiological plasticity, suppressed shoots became acclimated to low light and exhibited shade leaf characteristics; this allowed them to remain alive for some time. However, in the absence of shoot elongation and production of new leaves, the suppressed shoots eventually died.
